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Chapter 1. General Introduction 
1.1 Total Joint Replacements (TJR) 
In total joint replacement (arthroplasty) the natural components of the joint are 
replaced with artificial devices (prosthesis) in order to diminish pain and restore movement 
to that joint. Although TJR can be performed on most joints in the body, the most common 
are those of the hip and knee. The hip joint has a ball formed by the upper end of the femur 
or leg bone, a~d a socket formed by the cupped part of the pelvis called the acetabulum. The 
knee joint is formed by the meeting of the tibia or lower leg bone and the femur. The need for 
TJR can arise from a variety ofreasons, including injury, disease, or the wearing away of the 
protective cartilage of the joint. A typical TJR hip prosthetic is shown in figure 1. 
Although there were earlier examples of arthroplasty, the success and increasing use 
of total hip replacement can be largely credited to the efforts of Sir John Chamley in the 
early 1960s. His research led to the use of Ultra-High Molecular Weight Polyethylene 
(UHMWPE), which after 30 years of laboratory and clinical testing is still one of the most 
common materials used in TJRs. Since then joint replacement has become an increasingly 
widespread procedure. Joint replacement surgery rates increased by 101%between1988 and 
1997 and there are currently almost half a million TJR procedures performed every year in 
the US alone. [ 1] 
Many different material pairs have been tried for TJRs., and a complete survey of 
these combinations is beyond the scope of this thesis. However, the major materials are 
briefly discussed below. 
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• Stainless steel was used by Chamley in his work and is usually used against plastic. 
He originally selected PTFE (Teflon) as an ideal pairing for stainless steel, and good 
results were expected due to the low friction observed with the pair; however, wear 
was extremely high and biocompatibility was low. He then replaced Teflon with 
UHMWPE and much improved wear and better biocompatibility was seen. 
• Cobalt Chromium (CoCr) is also used with UHMWPE or with itself due to its 
excellent corrosion resistance in the body. It also shows very good wear resistance. 
• Titanium used with UHMWPE was introduced in the late 1970's but was eventually 
found to be inferior to the performance of CoCr. 
• Alumina paired with itself shows good wear characteristics, and when pared with 
UHMWPE generally shows some improvement over CoCr. 
• Zirconia is used due to its increased strength over alumina; however it is also much 
more expensive. 
In addition to all these materials there are also various surface treatment methods that are 
used to improve wear resistance. Examples include titanium nitride (TiN) coating on 
titanium, ion implantation in titanium and cobalt chromium, and induced cross linking of 
UHMWPE either through irradiation or through the addition of peroxide to the resin. 
However, with the exception of the move from PTFE to UHMWPE all of the improvements 
in wear from these different material pairings and treatments have been only incremental. 
Since the 1960's there have been significant improvements in fatigue strength and fixation 
techniques of materials and designs but very little improvement in the wear characteristics of 
the materials used. [2] 
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Fig.1 Exploded view of a typical hip implant prosthetic. (Source: Bozic, Rubash, et. al, 
Modes of Failure in Revision Hip and Knee Replacement) 
UHMWPE is a polyethylene with a molecular weight average of greater than 
approximately 3 .1 million g/mol [3]. It was introduced as an alternative to Teflon and proved 
to be such a good choice that it is the still the "only suitable polymer material for hip joint 
cups, even after more than 30 years" [ 4]. Its performance compared to other polymers is 
shown in Table 1. As would be expected for such a widely used material there has been a 
great deal of research on many different fronts, and the results have not always agreed. The 
effects of stress and contact area were studied by Mazzucco who found that wear rate 
increased linearly with contact area, but was independent of the load applied [5]. However 
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an earlier study by Barbour found that wear rate increased with increasing load and contact 
area. [6] 
Material 
PTFE 
Polyester 
Delrin 
UHMWPE 
Wear Rate 
3.3 mm/yr 
0.5 mm/yr 
0.2 mm/yr 
0.07 mm/yr 
Table 1. Mean clinical linear wear rates of polymer cup materials. [2] 
Mazzucco proposed that the discrepancy might be due to the unidirectional test conditions in 
Barbour versus the bi-directional conditions in his own study. This is illustrative of the 
problems faced when trying to characterize the wear ofUHMWPE in prosthetics. Simulating 
the motion, contact area, loads, and environment of a human joint is not a simple problem. 
Another aspect which might be expected to influence wear ofUHMWPE is sliding velocity. 
However, a study by Fisher showed that the effect of sliding velocity is quite small compared 
to effects from counterface roughness. [7] This result is important with respect to testing of 
UHMWPE since it shows that increasing sliding velocity to accelerate testing is justified. 
There has also been extensive testing on the effect of different processing on the UHMWPE 
itself. One widespread procedure which has been shown to improve the wear characteristics 
is crosslinking. [8] The mechanism for this improvement is not well understood and is 
something of a paradox since crosslinking adversely affects most other mechanical properties 
(toughness, strength, stiffness, and hardness). Finally there is the effect of counterface 
roughness. This is perhaps one of the most important factors in the wear of UHMWPE. In a 
study by Lancaster he showed that there is an exponential relationship (R = 0.89) between 
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surface roughness and wear factor (wear rate divided by load). [9] He also showed that 
different materials (e.g. metals and ceramics) with similar surface roughness exhibit similar 
wear rates. 
1.2 Importance of tribological considerations 
Tribology is the study of :friction, lubrication and wear. Whenever two surfaces come 
into contact and relative motion, as is the case in a joint, there will be friction and wear. One 
of the most important factors in determining friction and wear in a system is the topography, 
i.e. roughness, of the surfaces involved. Roughness is simply the fluctuation in the height of 
the surface. These fluctuations can be of varying amplitude and wavelength, random or 
periodic, and will vary depending on the length scale examined. A local maxima in height is 
referred to as an asperity, and it is between these asperities that contact between two surfaces 
will be made. The parameters used to describe a surface include those used to characterize 
the amplitude (height) of the asperities, the statistical distribution of the heights of the 
asperities, and the physical spacing of the asperities. It has been shown that these parameters 
will affect the real area of contact between surfaces [10, 11], this will in turn affect the 
friction and wear of the interface. 
Amplitude parameters include the arithmetic (or center-line) average, the root mean 
square, maximum peak-to-valley height, and ten-point height. For a two dimensional cross 
section of a surface we can give the position on the surface as x and the height of the surface 
from some arbitrary baseline as z. For a profile of length L and surface height distribution 
z(x), the center-line average roughness, Ra, is the arithmetic mean of the absolute values of 
the vertical deviation from the mean line, m, and is given by 
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The root mean square, RMS or Rq, is the square root of the arithmetic mean of the square of 
the vertical deviations from the reference line 
L 
2 1 f 2 RMS = - ( z - m) dx 
Lo 
The maximum peak-to-valley, PTV, height is simply the height of the highest point (asperity) 
minus the height of the lowest point (valley). 
The ten point height, R z, is an average of the 5 highest peaks and the 5 lowest valleys. 
R = -'-i=-'-'-----';-'=1 ___ _ 
z 5 
The height distribution parameters used are described by the central moments of the 
height distribution function. Skewness describes the symmetry of the distribution of the 
heights of the asperities about the mean and is given by the normalized third central moment 
of the height distribution. 
} L 
Sk=--3 fCz -m)3 dx La 0 
where a is the standard deviation. Kurtosis describes the peakedness of the distribution and is 
given by the normalized fourth central moment. 
} L 
K = --4 fCz- m) 4 dx La 0 
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Contact between engineering surfaces occurs at multiple discrete locations 
(asperities) and the tribological performance of the interface is dictated by the behavior at 
these asperity contacts. By understanding mechanisms responsible for tribological behavior 
at these contacts we can better predict the behavior of the macroscopic interface, design for a 
reduction of wear particle creation under typical conditions of biomedical implant use, and 
increase the useful life of those implants. 
1.3 Role of the atomic force microscope and microtribometer 
If the interactions between individual asperities are to be studied, we need an 
instrument that can limit its interaction with a sample to the scale of square nanometers, can 
resolve movement with sub-nanometer precision, and can produce and detect forces in the 
range of nanonewtons. An instrument with these capabilities called the atomic force 
microscope (AFM) was developed in 1985 by Gerd Binnig, Calvin Quate, and Christoph 
Gerber in collaboration between IBM and Stanford University [12]. Capabilities of the 
modem commercial AFM include characterization of surface topography, and measurement 
of friction and adhesion. 
The AFM produces contact with the sample by mounting a sharp tip (r ~ 50 nm), 
usually silicon or silicon nitride, at the end of a cantilever; this cantilever is attached to a 
piezoelectric actuator which can produce motion in all three axis. In order to measure the 
deflection of the cantilever a laser is aimed at its top surface and reflected onto a four 
quadrant photodetector. This configuration allows vertical and torsional deflections of the 
cantilever to be monitored. When monitoring topography, the vertical component is 
monitored and used in a feedback circuit with the piezoelectric actuator to keep the signal 
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constant. In this way the force on the sample is kept constant, and the motion of the actuator 
will be a record of the height data of the surface. Friction data can be taken simultaneously 
by also monitoring the torsional component from the photodetector. This mode requires that 
the probe be scanned perpendicular to the long axis of the cantilever. In this configuration the 
contact and resulting friction between the sample and the probe will cause a torque on the 
cantilever which will be recorded by the photodetector. The adhesive force between the 
surface and the AFM probe can be measured by repeatedly extending and retracting the 
actuator which will cause an intermittent contact between the probe and the surface. As this 
is occurring, the vertical deflection signal of the cantilever is measured. The difference in this 
signal from when the probe first makes contact and when it breaks contact with the surface 
will give a measure of the surface adhesion. 
To begin to see how the individual interactions of asperity contacts will aggregate to 
form the macroscale behavior, an instrument capable of limiting contact area with the sample 
to the region of square microns is needed. The operating principal behind the tribometer is 
similar to the AFM. A probe at the end of a cantilever is brought into contact with the sample 
and the resulting frictional force is monitored. Tribometers often use dead weight to maintain 
contact between the probe and sample. The advantage is the normal force applied will be 
known accurately and will not vary. A less accurate, but much more flexible method is to use 
a linear stage to apply a normal force to the sample and monitor this force through the strain 
developed in the cantilever. Pin, ball, and plate probes can be used, and the motion is usually 
produced by rotation or reciprocation of the sample, although more complex motions are 
possible. 
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1.4 Research Objectives 
The importance of surface roughness on wear in Total Joint Replacement (TJR) has 
been shown in many previous studies. However, the surface roughness examined has been 
that of the harder counterface in the TJR. These studies have also focused on the macroscale 
tribological properties of the materials. Tests are generally carried out with contact areas 
measured in 1 Os of millimeters and loads of 1 OOs of newtons. There is a lack of data on the 
interactions which occur on the micro- and nanoscale. In this work the effect of surface 
roughness of ultra-high molecular weight polyethylene (UHMWPE) on the friction behavior 
and onset of wear in a UHMWPE/silicon nitride interface in both dry ambient and bovine 
serum environments is explored. A microtribometer was designed and constructed in order to 
study microscale contact of surfaces. The ability to create and observe the tribological effects 
of contact at this scale is complimented by the single asperity, nanoscale contact which is 
possible with the atomic force microscope (AFM). By using the results from experiments 
carried out with this combination of instruments it was hoped that some new insights could 
be made into the basic mechanisms occurring in TJR materials. 
1.5 Thesis organization 
The thesis consists of a chapter describing the design and construction of a 
microtribometer, followed by two chapters, each composed of a paper to be submitted for 
publication. Both papers follow the format of an abstract, introduction, experimental details, 
discussion, and conclusions. Following the second paper are chapters giving general 
conclusions, and the appendices. 
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In Chapter 3 the effects of surface roughness on the friction and wear ofUHMWPE 
were investigated using Atomic Force Microscopy, and the microtribometer discussed in 
Chapter 2. Surface characterization was performed using the AFM and described using 
height amplitude and statistical height distribution parameters. The single asperity and 
multiple asperity contact behavior of two different surface roughness levels ofUHMWPE 
were compared in a dry ambient environment. The effect on tribological behavior due to 
changes in real area of contact and due to changes in interfacial shear stress is discussed. 
In Chapter 4 the previous work is extended to include the effects of a diluted bovine 
serum environment on the tribological properties of the UHMWPE. The significance of 
adsorption of proteins onto the surface of the polymer is explored. 
Chapter 5 contains the general conclusions made from all the studies. 
11 
CHAPTER 2. Design and construction of a microtribometer for laboratory use 
2.1 Desired capabilities and construction issues 
The original design goal for the microtribometer was to build an instrument capable 
of producing contact of a few square microns and a normal load of a few millinewtons 
between a sample and a probe. The contact would be positioned with micrometer accuracy. 
Linear or reciprocating contact would be produced between the two surfaces, and the 
resulting friction force would be monitored with sub-millinewton resolution. Both the motion 
of the sample and the load would be capable of user programmed control. 
It was determined that all of these requirements could best be met by using a proven 
crossed I-beam design, which has been used in previous studies [13). In this design a probe 
is placed at the end of a crossed I-beam structure as shown in Figure 1. 
Fig. 1 A close up view of two crossed cantilevers, making up the arm ofmicrotribometer. 
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This structure is lowered using a linear stage to apply a desired normal load to the sample. 
The normal and frictional (lateral) forces are measured using semiconductor strain gages on 
the cantilevers. The samples are affixed to another stage set perpendicular to the beam, 
providing the linear motion. The orientation of the linear stages can be seen in Figure 2. 
Fig. 2 Overview of the mounted tribometer arm and the linear stages which provide 
movement in all three axes to the microtribometer. 
The first issue which had to be addressed was the material of the cantilever. Since the 
forces were to be measured by the strain in the beams, using a material with a high yield 
strength (Sy) would maximize the range of forces which could be used without damage to the 
cantilever. A second and much less obvious requirement is the thermal properties of the 
beam material should match those of the strain gages. If the match is poor, any change in 
temperature will result in large errors in the forces measured. These two requirements alone 
narrowed the choice of materials to two: 17-4PH stainless steel or grade 5 (6AL-4V) 
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titanium. Due to price and commercial availability, it was decided to use grade 5 titanium. 
Once this decision was made, research was done on the dimensions of the cantilevers which 
would be most appropriate. Since the forces will not be measured directly we need to relate 
them to the measurable quantity, strain. For this we use the equation for maximum bending 
stress in a cantilever beam: 
6Pl 
(}max = --2 
wt 
(1) 
where Pis the load applied at the end of a cantilever oflength, 1, width, w, and thickness, t. 
Combining this with the modulus of elasticity, E = a/€ and rearranging gives: 
(2) 
E is a constant fixed by our decision of materials, so the forces we will be able to measure 
will be constrained by the dimensions of the cantilever and the sensitivity and range of the 
strain gage system. Since all terms are linearly related except the thickness of the beam, it 
was decided to use the thinnest sheet possible given the need to also maintain mechanical 
integrity. Titanium sheet of thickness 0.012 in. was found to be readily available and 
reasonably priced. 
In order to determine what magnitude of strains could be measured I consulted with 
several manufacturers. On their advice I used a conservative estimate of approximately 30 
microstrain (30 x 10-6) as the lower bound which would be used by the tribometer. With this 
constraint in mind the dimensions of the cantilevers were fixed at 2 in x 0.40 in x 0.012 in. 
Using these values, an elastic modulus of 113.8 GPa for grade 5 titanium [14] in equation (2) 
and assuming the limit of 30 microstrain this gives an estimated minimum force of 10 mN. 
These calculations are for the cantilever which measures normal force; because of the design 
14 
the cantilever which measures lateral force will be more sensitive. The length used to 
calculate the resulting moment will include the length of the normal force cantilever. The 
predicted minimum force for the lateral cantilever is approximately 5 mN. 
2.2 Implementation 
The material and dimensions were one of the crucial design elements of the 
tribometer, but certainly not the only one. The components of the tribometer can be divided 
into three main systems. 
• Measurement (cantilevers, strain gages, signal amplifiers) 
• Motion (linear stages, stage controller) 
• Control & data acquisition (desktop computer, DAQ card, software) 
Figure 3 shows a schematic of all these components. The strain gages discussed above were 
obtained from and mounted onto the cantilevers by Micron Instruments (Simi Valley, CA). A 
full bridge configuration was used for maximum sensitivity. Strain gages require a signal 
amplifier in order to provide an excitation current and to boost the resulting signal. Vishay 
model 2310 signal amplifiers (Vishay Micro-Measurements, Raleigh, NC) were used. This 
signal is then sent to the desktop computer through the Data Acquisition (DAQ) card. The 
linear stages used for the application of normal load and sample movement were obtained 
from Newmark Systems Inc. (Mission Viejo, CA). The load and lateral stages are fully 
motorized and able to be programmed (through the stage controller) by a desktop PC with a 
standard RS-232 serial port. They have a maximum travel speed of 0.5 in/sec and a stated 
resolution of 30 nm. The stage which positions the tribometer probe is manually operated and 
with its digital readout has a resolution of 1 µm. 
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Fig. 3 Schematic of microtribometer system. 
Finally, the motion and data acquisition are controlled by a software interface written in 
Lab VIEW 5.1. (shown in Appendix A). In addition to the basic functions of positioning each 
stage, routines were written to perform friction and wear tests with the tribometer. These 
involved coordinating movement of the lateral stage with the applied load from the vertical 
stage, as well as acquiring, displaying, and storing the friction and load data. In order to do 
this, a simple feedback algorithm was implemented to give active control of the normal force. 
Once assembled, the tribometer was calibrated for a maximum load of 75 mN; it was 
later recalibrated for a maximum load of 250 mN which is near its limit of linear response in 
the strain gages. The calibration of the normal cantilever was done by removing the 
16 
cantilever arm assembly and attaching it to an aluminum block. The faces of the block were 
machined flat and at right angles to each other and the holes for attaching the arm assembly 
were precisely machined to be parallel with the faces . After being attached to the block, 
calibrated masses of 0.2, 0.5 , 1.0, 2.0, 5.0, 8.0, 10.0, 15 .0, 20.0, and 25.0 grams were hung 
from the end of the cantilever and the resulting voltage output from the amplifier was 
recorded. The cantilever was then turned over 180 degrees and the process was repeated. It 
can be seen in Figure 4 that the response of the normal cantilever is extremely linear within 
the operating range. 
-> 
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0 -
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-300 
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100 200 300 
Fig. 4 Graph of applied load vs. amplifier output voltage during calibration of normal 
cantilever, including linear fit and regression analysis. 
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The lateral cantilever was calibrated in a similar fashion, with the block being oriented at 90 
and 270 degrees during calibration. Due to the longer lever arm of the lateral cantilever, and 
the mass at the connection between the two cantilevers the range of masses used was smaller 
(0.2, 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, and 7.0 grams). It showed similar results to the 
calibration of the normal cantilever, with a slightly better R2 value as seen in figure 5. 
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Fig. 5 Graph of applied load vs. amplifier output voltage during calibration of lateral 
cantilever, including linear fit and regression analysis. 
After calibration it was tested against expected capabilities. A measurement of the spring 
constant was made and found to be 75 Nim, a = 10 Nim. Using this value and the stated 
resolution of the linear stage (30 nm), the resolution of the normal force which can be applied 
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to the sample is 2.25 µN . However, the resolution of the measurement of the normal force is 
approximately ±15 µN; the resolution of the lateral force is approximately ±5 µN. Comparing 
this with the expected minimum measurable values of 5 and 10 mN for the lateral and normal 
cantilevers respectively, we get an expected error of less than one percent in measurement, 
which is quite good. The other issue which was addressed was the possibility of crosstalk 
between the two cantilevers. This was measured by monitoring the friction signal as a load of 
250 mN was slowly applied to the normal cantilever. No lateral movement was applied so in 
the ideal system the measured signal at the lateral force cantilever would be zero during the 
test. 
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0 
..J 
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E :.... 1.5 
0 
z 
-0 
'Cf!. 
t/J 1.0 
m 
Cl) 
0 
:.... 
0 
u. 0.5 
0.0 
0 20 40 60 80 
Normal Load (mN) 
Fig 6 Applied normal load vs. measured lateral force during tests for crosstalk between 
cantilevers. 
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Figure 6 shows that at approximately 1 mN of normal force the signal from the lateral 
(friction) force cantilever was only~ 1 % of this value. The crosstalk continues to fall until 
approximately 15 mN of normal force where is has a value of 0.2-0.3 %. There was a slight 
rise, and then it again leveled off at between 0.2-0.3 percent of the applied load. This 
performance is quite good, with crosstalk in the expected operating range well below one-
half of one percent. This crosstalk testing was performed before the tribometer was 
recalibrated for higher loads, so the results are for normal loads of 0-80 mN. However 
looking at the trend shown in Fig. 5 it is reasonable to expect similar performance in the 
higher load range. Lastly, the effects of the feedback routine on the applied normal force 
were examined. It can be seen in Figure 7 that the feedback routine controlling the normal 
force greatly improves the consistency of the load. Without feedback, any slope or variation 
in the surface of the sample will change the force applied during each cycle, as shown on the 
left of Fig. 7. The right of Figure 7 shows thJV with feedback this repetitive variation in 
normal load is greatly reduced. 
The microtribometer has been used mainly to perform two types of testing, ramped 
load and constant load cyclic tests, both of which are aimed at measuring the sliding friction 
between a pair of materials. In ramped load testing the probe is moved at a constant velocity 
across the surface of the sample as the normal load is linearly increased. In the cyclic test the 
normal load is held constant throughout the test while the probe reciprocates across the 
surface of the sample. This test is usually performed for hundreds of cycles and the data 
requires post-processing to a) obtain average friction values for each sliding direction and b) 
minimize distortion of the data due to the static friction peak occurring at the ends of the 
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stroke due to the change in the probe's sliding direction. A full listing of the code used for 
this post-processing is given in Appendix B. 
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Fig 7 Four cycles of a reciprocating test shown both with and without feedback controlling 
the normal load. 
2.3 Future improvements 
Although the microtribometer as constructed is performing acceptably, there are 
certainly many areas which could be impro,ved. 
• Control of normal load. The feedback routine is quite simple and includes only 
proportional feedback. This was done due to time constraints and has worked 
adequately. However, it is expected that a more robust feedback algorithm including 
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integral and derivative components of the error would improve the responsiveness 
and consistency of the applied normal load. 
• Equipment safeguards in software. Any error in the feedback loop which causes a 
positive feedback condition could result in damage to the normal cantilever. 
Monitoring the voltage of the normal load cantilever (independently of the feedback 
loop), and stopping all movement if an unsafe value is detected would avoid this 
possibility. 
• User interface/friendliness. There are always improvements to be made in this area. 
Possibilities include, automatic shutdown after long cycle tests, the ability to have 
user specific settings for data logging and display, and a more intuitive layout of 
controls. 
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CHAPTER 3. Effect of surface roughness on the micro/nanotribological 
behavior of ultra-high molecular weight polyethylene (UHMWPE) 
A paper submitted to Tribology International 
Jason Check, Sriram Sundararajan* 
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3.1 Abstract 
Tribological properties of materials used in biomedical implants critically affect the 
performance of the implant. A UHMWPE cup paired with a ceramic ball is a popular 
combination for implants due to its relatively low wear rate. In this paper the effect of two 
different roughness levels ofUHMWPE on its friction and reciprocating wear behavior is 
investigated using microtribometry and atomic force microscopy (AFM) in low humidity 
conditions. A ball-on-flat microtribometer using a silicon nitride ball is used to examine 
tribological properties of multi-asperity contacts on the microscale. These results are 
compared with topography and nanoscale single asperity friction data obtained using an 
AFM. Friction was found to increase with a decrease in surface roughness of the UHMWPE 
sample which, it is concluded, occurs due to an increase in real area of contact. In low cycle 
wear tests the rougher sample exhibited erratic friction behavior which is believed to occur 
due to accumulated third body wear particles. 
Keywords: AFM, friction, surface roughness, wear mechanism, joint replacement 
* corresponding author: Tel: +1 51 5-294-1050; email: srirams@iastate.edu 
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3.2 Introduction 
Ultra High Molecular Weight Polyethylene (UHMWPE) is one of the most common 
materials used in total joint replacements (TJRs) due to its low wear rate [ 1]. Through normal 
use, the materials in these joints will wear and produce debris which then finds its way into 
the surrounding tissue. This wear debris has been shown to be a major factor in the long-term 
failure of these TJRs [2, 3]. There have been many studies on the wear ofUHMWPE looking 
at various aspects which may affect debris generation, including the effect of stress 
conditions, sliding velocity, and counterface roughness [ 4-6]. These studies often use a 
reciprocating tribometer or a joint simulator to create wear in the UHMWPE, and of these, 
most are aimed at obtaining a wear rate associated with macroscopic scale phenomena. 
Additionally, if these investigations considered surface roughness, they were generally 
concerned with the counterface roughness and not the roughness of the polyethylene itself. 
Contact between engineering surfaces occurs at multiple discrete locations 
(asperities) and the tribological performance of the interface is dictated by the behavior at 
these asperity contacts. By understanding mechanisms responsible for tribological behavior 
at these contacts we can predict the behavior of the macroscopic interface. In this study we 
use a reciprocating tribometer, which can produce a microscale (1 OOs - 1 OOOs of square 
microns) multi-asperity contact, to examine the effect of surface roughness ofUHMWPE on 
its tribological properties. In order to evaluate the tribological behavior at a single asperity 
contact, we also obtained friction and adhesion data using atomic force microscopy (AFM), 
which produces a single asperity nano scale ( 1 OOs of square nanometers) contact. The authors 
are currently not aware of any study on joint replacement materials which has been done to 
directly compare microscale multi-asperity contact with the single-asperity nanoscale contact 
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possible with an atomic force microscope. A better understanding of the onset of wear in 
UHMWPE will allow for better control of wear particle creation under typical conditions of 
biomedical implant use, and increase the useful life of those implants. 
3.3 Materials and methods 
3.3.1 Materials 
Two UHMWPE samples of differing roughness were prepared by standard wet 
polishing using a Buehler manual polishing machine. Samples were prepared from bar stock 
obtained from K-Mac Plastics (Grand Rapids, Michigan). The first sample (PEl) was made 
by polishing the as received sample with Coated Abrasives Manufacturers' Institute (CAMI) 
Grit 800 (12.2 µm particles) sandpaper for the final polish. The second sample (PE2) used 
CAMI Grit 1200 (6.5 µm particles) for the final polish. The samples were washed with 
methanol for 20 minutes in an ultrasonic cleaner prior to testing. Samples were inspected 
visually to ensure that no particles were embedded in the polymer surface. Surface 
topography was measured using atomic force microscopy in contact mode as explained in the 
next section. 
3.3.2 AFM Measurements 
The AFM experiments were carried out with a Dimension TM 3100 AFM (N anoscope 
IV, Veeco Instruments, Santa Barbara, CA) in controlled low (14 ± 4 % RH) humidity 
conditions. Silicon nitride probes from Veeco with a stated normal spring constant of 0.58 
Nim and tip radius of 50 nm were used. The normal spring constant of the cantilever used 
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was calibrated using the technique described by Tortonese and Kirk [7] and found to have an 
actual value of0.31 Nim. Topography and friction data was collected using contact mode. 
For friction measurements, the probe was scanned perpendicular to the long axis of the 
cantilever. The friction response of the probe on the sample was taken to be the difference 
between the lateral deflection values of the forward and reverse scans of a given scan line 
(i.e. from the friction loop of a scan line). This method is commonly used to eliminate 
contributions to the lateral deflection signal from non-friction sources [8]. Normal loads were 
varied from 5 - 95 nN as the friction force was monitored. The adhesive force between the 
Si3N4 tip and the UHMWPE was also measured before and after each test from force-
displacement curves. 
3.3.3 Microtribometer Measurements 
Multiasperity friction measurements were taken with a ball-on-flat microtribometer 
under linear motion of the sample. A schematic of this instrument is shown in Figure 2. This 
instrument was built by our group and its design is similar to the one discussed by Bhushan 
et al. [9]. A spherical probe is placed at the end of a crossed I-beam structure as shown in 
Fig. 2. This structure is lowered using a linear stage to apply a desired normal load to the 
sample. The normal and frictional (lateral) forces are measured using semiconductor strain 
gages on the cantilevers. Frictional forces can be resolved to approximately ±5 µN and 
normal forces to approximately± 15 µN. The signal from the normal load is monitored and 
used in a feedback loop to maintain the desired normal force regardless of any slope or 
waviness in the surface of the sample. The samples are affixed to another stage set 
perpendicular to the beam, providing the linear motion. For this study a Si3N4 probe with a 
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1.2 mm radius was used. Both ramped load tests and constant load test were conducted. In 
the ramped load friction tests the load was increased from 0.2 to 200 mN as the probe was 
moved across a distance of 30 mm at 0.6 mm/son the surface of the UHMWPE. A 500 cycle 
reciprocating wear test was also performed with a constant load of 50 mN, stroke length of 
30 mm, and a sliding speed of2.4 mm/s. The sliding speed chosen is less than that commonly 
used in joint simulators(~ 20 mm/s) [10] . However, it has been shown that sliding speed has 
only a small effect on wear relative to other factors [ 5]. The chosen stroke length is 
comparable to those used in joint simulators [10]. 
3.4 Results 
3.4.1 Surface Topography 
Figure 1 shows AFM topography (20 µm x 20 µm) images of PEl and PE2 along 
with RMS roughness. It can be seen that PEl is considerably rougher than PE2. Also shown 
in Fig. 1 is the AFM topography image of the Si3N4 ball surface used in the microtribometer 
experiments. Note that the Si3N4 surface is much smoother compared to the UHMWPE 
surfaces. The measured roughness parameters of the surfaces and of the microtribometer ball 
are listed in Table 1. In addition to the common amplitude parameters average roughness 
(Ra), root-mean-square (RMS), and maximum peak-to-valley (PTV) distance, values of 
height distribution shape parameters skewness and kurtosis are shown as well. Skewness 
represents the degree of symmetry of the height distribution about the mean, whereas kurtosis 
represents the peakedness of the height distribution. Mathematically, skewness and kurtosis 
are obtained as the third and fourth moments of the height distribution function normalized 
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by the standard deviation of the distribution. A Gaussian distribution has a skewness of zero 
and kurtosis of three. Both the UHMWPE surfaces can be considered Gaussian. The Si3N4 
surface shows a slightly high kurtosis suggesting the presence of asperities and valleys far 
removed from the mean. 
3.4.2 Ramped load testing 
Figure 3 shows friction force vs. normal load data for PEI and PE2 obtained from 
multiple ramped load tests using the microtribometer. The data shows a linear increase in 
friction force as the normal load is increased for both samples. The data also shows a marked 
increase in friction of the multi-asperity contact as roughness of the UHMWPE is decreased. 
Figure 4a shows friction response of a Si3N4 single asperity contact as a function of 
normal load for the two UHMWPE samples. Each data point is an average of nine 
measurements at different locations of the sample. The data suggest that the roughness of the 
surface had no statistically significant effect on friction in the single asperity contact of the 
AFM. Figure 4b shows the average adhesive (pull-off) force (from five individual 
measurements) between the AFM probe and the two UHMWPE samples. From the data, no 
conclusive difference can be seen in the adhesive force of the two surfaces. 
3.4.3 Constant load testing 
Figure 5 shows representative friction behavior of the two samples during the 
constant load experiments using the microtribometer. Friction in both samples rapidly 
decreased during the first 10-20 cycles of the test, which is indicative of a running in period. 
Initially, the rougher sample (PEI) exhibits lower friction than the smoother sample (PE2). 
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However, in the rougher sample erratic friction behavior similar to stick slip was seen to start 
at around 100 cycles (sliding distance of about 6m), but was absent in the smoother sample. 
This behavior was seen when trials were repeated, although the onset of stick slip behavior 
varied. 
3.5. Discussion 
A critical factor in understanding the mechanics of a material interface is whether or 
not plastic deformation is occurring in the bulk of the material. The friction force in an 
interface has contributions from adhesion and abrasion (plastic deformation and ploughing). 
Since the surface of the hard Si3N4 ball is very smooth (RMS= 4 nm) compared to the 
UHMWPE, it is reasonable to assume that abrasion is negligible. The plasticity index, 1/;*, as 
described by Onions and Archard [11], can also give an estimation of whether contact will be 
elastic or plastic. The index is given by 
where the composite elastic modulus, E* = [(1-v12 / E 1 )+ (1-v; / E2 )]- 1 , the composite RMS 
surface roughness, <JP = ) <J12 + <J; , and the composite asperity peak curvature, 
(1) 
p = [) p 1- 2 + p ; 2 J1 of the contacting surfaces.His the hardness of the softer material (in this 
case UHMWPE). If the calculated value of 1/; * > 1, plastic flow will occur even at trivial 
loads. If 1/; * < 0.6 deformation is largely elastic. Elastic modulus of the Si3N4 was supplied by 
the manufacturer (Hoover Precision Products, Cumming, GA) to be 307 GPa; ap, and p were 
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evaluated from 20 µm scan AFM topography images. Larger scan sizes ( ~ 50 µm) would 
have been preferable to capture the predicted contact area ( ~ 2500 µm2) in the 
microtribometer experiment; however, a reliable comparable scan size on the curved surface 
of the ball could not be obtained due to limitations in the vertical scan limits of the AFM. 
Hence a smaller scan size of 20 µm2 was chosen. Values used for the hardness and elastic 
modulus of the UHMWPE (94 MPa and 738 MPa respectively) were taken from micro-
indentation tests performed by Gilbert, et. al. [ 12]. The value of lf; * calculated for PE 1 was 
found to be 0.93, and for PE2 it was found to be 0.64. According to the index values, these 
interfaces seem to be in a regime where contact may be either elastic or plastic. We could not 
identify a wear track or evidence of plastic deformation on the sample after our ramped load 
tests. Any plastic deformation occurring would be at the asperity level. 
We did not observe any surface damage or change in surface morphology as a result of our 
AFM friction experiments either. Based on all the above analyses, the predominant 
mechanism during the microtribometer and AFM friction experiments can be assumed to be 
adhesive rather than abrasive. 
The adhesive friction is given by: 
(2) 
where T is the interfacial shear strength, and Ar is the real area of contact. In the single 
asperity friction experiments, the real area of contact is dictated by the tip radius. We verified 
that there was no change in the tip size between the experiments on the two samples by 
monitoring tip shape using commercially available calibration samples. Hence Ar can be 
considered the same for the two samples during AFM friction experiments. Since the AFM 
friction and adhesive force (Fig. 4) between PEl and PE2 were comparable, it is reasonable 
32 
to assume that the interfacial shear stress is comparable for both samples. If the interfacial 
shear stress for the two material pairs is the same, then the difference in the friction behavior 
between PEl and PE2 observed using the microtribometer is therefore due to a difference in 
the real area of contact. Generally a rougher sample is known to exhibit a lower real area of 
contact [13]. This explains why PEl, the rougher sample results in lower friction than PE2, 
the smoother sample. 
The constant load wear test produced a well defined wear track in both samples as 
seen in Figure 6a. During the constant load test at 50 mN the maximum shear stress is found 
to be approximately 9 MPa using Hertzian analysis. This is less than one-half the yield 
strength ofUHMWPE and so we would expect there to be no gross plastic deformation. This 
is supported by an examination of the profile of the wear track. If plastic deformation by 
ploughing was occurring, there would be pile-up of material at the edge of the wear track, as 
well as at the beginning and end of the track. No such pile-up was observed. Examination of 
the wear track itself, however, revealed evidence of significant reduction of the roughness 
especially in the rougher sample. The AFM topography scans in Fig. 6b show an obvious 
difference in the surface before and after the wear test in both samples. This change is 
confirmed by the measured surface roughness values in Table 2. This suggests that asperities 
locally undergo plastic deformation and either get flattened with no material loss, or are worn 
away thus leading to smoothening within the wear track. Since no grooving of the UHMWPE 
was observed in the AFM experiments, we believe that there is removal rather than flattening 
of asperities occurring. The Si3N4 ball was examined after testing using AFM and a scanning 
electron microscope (SEM, JEOL JSM-6060L V) in low vacuum mode and was found to 
have a buildup of material on it. From qualitative examination on the AFM and SEM (Fig. 
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7a) it was estimated to be a few microns thick at most. Energy-Dispersive Spectroscopy 
(EDS) was used to qualitatively characterize this transfer film and compare it to the material 
of the probe. Figure 7b shows the EDS spectrograph from the area covered by the transfer 
film and Fig. 7c shows a spectrograph from an area with no coverage. The locations at which 
spectra were obtained are indicated in Fig. 7a. A noticeably higher proportion of carbon can 
be seen from the transfer layer, as would be expected if the layer is composed of a 
polyethylene. This suggests that some of the surface asperities are transferred onto the Si3N4 
probe. We also performed short term (50 cycles) cyclic tests and observed that the transfer 
film accumulated much more rapidly from the rougher sample (PEl) than the smoother 
sample (PE2). This is consistent with the fact that PEl exhibits more smoothening than PE2. 
Given this fact, there may be enough transferred material for some to separate from the ball 
and create third body wear particles. This may explain the stick-slip like behavior seen in the 
constant load test of PEl. However a more careful analysis of the wear surface as a function 
of loading cycles is required to verify this. 
There was also a transfer layer of polyethylene observed on the balls used in the 
ramped load test. This was verified by EDS analysis of the transfer layer which showed a 
similar spectrum to the transfer film from the constant load test. The transfer layer was 
examined using the AFM and was found to be several hundred microns thick which is much 
thicker than from the constant load tests. 
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3.6 Conclusions 
The higher friction seen in the microtribometer tests from lower surface roughness of 
UHMWPE has been shown to be due to a higher real area of contact between the sample and 
ball. Although the conditions in the constant load test suggest the contact is elastic, 
smoothening or removal of surface asperities was observed. In addition, a transfer layer was 
also seen on the probes. EDS of the transfer layer suggests that it is from the UHMWPE 
sample being studied, implying that there is an adhesive friction/wear mechanism involved in 
the material transfer. Another possibility is from fatigue of the individual asperities as 
discussed by Wang et al [ 14]. Even though the overall contact was estimated to be elastic, the 
microscopic asperities are plastically deformed. This wear of the asperities was seen to be 
more rapid in rougher samples due to higher pressures, and led to erratic tribological 
behavior after a relatively small ( ~ 100) number of wear cycles. In order to observe the exact 
onset of wear of asperities, future experiments to locate and examine the expected location of 
the wear track need to be conducted. In addition, true stresses at the interface also need to be 
determined by measuring or estimating the value of real area of contact. We are currently 
addressing these issues in ongoing work. This study shows that differences in surface 
roughness ofUHMWPE do affect its friction and wear behavior. By comparing single 
asperity AFM and multi-asperity microtribometer experiments of the same interface, we can 
clearly distinguish between effects on the tribological behavior due to changes in real area of 
contact and due to changes in interfacial shear stress. 
35 
3.7 Acknowledgements 
Financial support for this study was provided by a Carver Research Grant and a grant 
from the Center for Industrial Research and Service at Iowa State University 
3.8 References 
1. Semlitsch M, Willert HG. Clinical wear behaviour of ultra-high molecular weight 
polyethylene cups paired with metal and ceramic ball heads in comparison to metal-
on-metal pairings of hip joint replacements. Proceedings of the Institution of 
Mechanical Engineers Part H-Joumal of Engineering in Medicine 1997;211(1):73-88. 
2. Howie DW, Haynes DR, Rogers SD, McGee MA, Pearcy MJ. The response to 
particulate debris. Orthopedic clinics of North America 1993;24(4):571-581. 
3. Revell PA, Alsaffar N, Kobayashi A. Biological reaction to debris in relation to joint 
prostheses. Proceedings of the Institution of Mechanical Engineers Part H-Journal of 
Engineering in Medicine 1997;211(2):187-197. 
4. Barbour PSM, Barton DC, Fisher J. The influence of stress conditions on the wear of 
UHMWPE for total joint replacements. Journal of Materials Science: Materials in 
Medicine 1997;8(10):603-611. 
5. Fisher J, Dowson D, Hamdzah H, Lee HL. The effect of sliding velocity on the 
friction and wear of UHMWPE for use in total artificial joints. Wear 1994; 175(1-
2):219-25. 
36 
6. Lancaster JG, Dowson D, Isaac GH, Fisher J. The wear of ultra-high molecular 
weight polyethylene sliding on metallic and ceramic counterfaces representative of 
current femoral surfaces in joint replacement. Proceedings of the Institution of 
Mechanical Engineers Part H-Journal of Engineering in Medicine 1997;211(1):17-24. 
7. Tortonese M, and M. Kirk. Characterization of application specific probes for SPMs. 
SPIE Proc. 1997;3009:53-60. 
8. Bhushan B. Handbook of micro/nano tribology. 2nd ed. Boca Raton: CRC Press; 
1999. 
9. Bhushan B, Gupta BK, Azarian MH. Nanoindentation, Microscratch, Friction and 
Wear Studies of Coatings for Contact Recording Applications. Wear 1995;181 :743-
758. 
10. Barbour PSM, Stone MH, Fisher J. A hip joint simulator study using simplified 
loading and motion cycles generating physiological wear paths and rates. Proceedings 
of the Institution of Mechanical Engineers Part H-Journal of Engineering in Medicine 
1999;213(H6):455-467. 
11. Onions RA, Archard JF. Contact of Surfaces Having a Random Structure. Journal of 
Physics D-Applied Physics 1973;6(3):289-304. 
12. Gilbert JL, Cumber J, Butterfield A. Surface micromechanics of ultrahigh molecular 
weight polyethylene: Microindentation testing, crosslinking, and material behavior. 
Journal of Biomedical Materials Research 2002;61(2):270-281. 
13. Thomas TR. Rough surfaces. 2nd ed. London: Imperial College Press; 1999. 
14. Wang A, Sun DC, Stark C, Dumbleton JH. Wear mechanisms ofUHMWPE in total 
joint replacements. Wear 1995;181-183(1):241-9. 
37 
Table 1 Roughness parameters for Si3N4 ball and UHMWPE measured using AFM at 20 µm 
scan size. Mean and ±1 a values from six measurements are given. 
Si3N4 PEl PE2 
Ra (nm) 3.3 ± 0.5 103 ± 17 30± 4 
RMS (nm) 4.3 ± 0.5 129 ± 21 38 ± 5 
PTV (nm) 100 ± 13.7 860 ± 130 350 ± 66 
Skewness -0.01 ± 0.31 0.11 ± 0.18 0.45 ± 0.29 
Kurtosis 8.10 ± 1.60 3.01 ± 0.23 3.94 ± 0.93 
Table 2 Roughness parameters for UHMWPE samples before and after 500 cycle wear test at 
50 mN normal load. Measured using AFM at 20 µm scan size. Mean and ± la values from 
six measurements are given. 
PEl PE2 
Before After Before After 
Ra(nm) 103 ± 17 51 ± 12 30 ± 4 21±6 
RMS (nm) 129 ± 21 66 ± 16 38 ± 5 27 ± 7 
PTV (nm) 860 ± 130 509 ± 131 350 ± 66 230 ± 51 
Skewness 0.11±0.18 -0.70 ± 0.30 0.45 ± 0.29 0.19±0.23 
Kurtosis 3.01 ± 0.23 4.40 ± 1.90 3.94 ± 0.93 3.79 ± 0.77 
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3.9 Figure Captions 
Fig. 1 Topography images ofUHMWPE samples (a) PEl , (b) PE2, and (c) Si3N4 ball taken 
with an AFM at a scan size of 20 µm. The z-axis scale is 500 nm/div. 
Fig. 2 Schematic of custom built microtribometer setup. The probe used in this study was a 
Si3N4 sphere (r = 1.2mm, RMS = 4.3 nm). 
Fig. 3 Friction force as a function of normal load between a Si3N4 ball and the two 
UHMWPE samples taken with microtribometer. Data from five individual tests are 
shown. The rougher sample (PEl) shows lower friction force than the smoother 
sample (PE2). 
Fig. 4 (a) Friction force (arbitrary units) as a function of normal load between a Si3N4 tip 
and the two UHMWPE samples taken with AFM. The scan size was 20 µm and 
scanning speed was 80 µm/s (b) Adhesive force between tip and UHMWPE samples 
taken with AFM. 
Fig. 5 Friction force under a normal load of 50 mN as a function of number of cycles 
between a Si3N4 ball and PEl and PE2. 
Fig. 6 (a) Visible wear tracks from constant load testing. (b) Surface ofUHMWPE samples 
before and after the wear test. 
Fig. 7 (a) SEM image of transfer layer from constant load test. (b) EDS spectra of the 
transfer layer. (c) EDS spectra of the Si3N4 ball surface. Spot locations where spectra 
were obtained are shown in (a) . 
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CHAPTER 4. Comparison of the effect of surface roughness on the 
micro/nanotribological behavior of ultra-high molecular weight polyethylene 
(UHMWPE) in air and bovine serum solution 
A paper submitted to Journal of biomedical materials research part B, Applied biomaterials 
Jason Check, K. S. Kanaga Karuppiah, Sriram Sundararajan* 
Department of Mechanical Engineering, Iowa State University, Ames, Iowa 50011, USA 
4.1 Abstract 
Tribological properties of materials used in biomedical implants critically affect the 
performance of the implant. A UHMWPE cup paired with a ceramic ball is a popular 
combination for implants due to its relatively low wear rate. In this study we investigate the 
effect of surface roughness ofUHMWPE on the friction behavior and onset of wear in a 
UHMWPE/silicon nitride interface in both dry ambient and bovine serum environments. 
Microscale multi-asperity contact is examined using a ball-on-flat reciprocating 
microtribometer. Nanoscale single-asperity contact and surface topography is examined 
using atomic force microscopy. Friction was found to increase with a decrease in surface 
roughness of the UHMWPE sample in air, which is due to an increase in real area of contact. 
This trend was seen to disappear or even reverse in serum. This is due to an increase in the 
interfacial shear stress of the UHMWPE surface when exposed to the serum. This increase is 
believed to be caused by an adhered layer of protein on the UHMWPE surface. 
Keywords: UHMWPE, Friction, Surface Roughness, Wear, AFM 
* corresponding author: Tel: + 1 515-294-1050; email: srirams@iastate.edu 
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4.2 Introduction 
Ultra-high molecular weight polyethylene (UHMWPE) is widely used in Total Joint 
Replacements (TJR) due to its favorable wear characteristics. After more than 30 years it is 
still the only suitable polymer material for hip joint cups [1]. However, even with its low 
wear rate a prosthetic using UHMWPE still generates enough wear particles during normal 
use for the wear debris to be a major factor in the long-term failure of these TJRs [2, 3]. This 
debris will often cause an adverse immune reaction which can lead to bone loss and a 
phenomenon called aseptic loosening. The onset of aseptic loosening will necessitate a 
revision surgery to repair the joint. To address this problem, studies looking at the wear of 
materials used in joint prosthetics will most often use a reciprocating tribometer or a joint 
simulator to create wear in the UHMWPE [ 4-6]. These studies obtain a wear rate associated 
with macroscopic scale phenomena and if these investigations considered the effect of 
surface roughness, they were generally concerned with the counterface roughness and not the 
roughness of the polyethylene itself [7]. 
Whenever two engineering surfaces come into contact and relative motion contact 
will occur at multiple discrete locations (asperities) on the surface. If the friction and wear 
mechanisms at these contacts can be understood, we can better predict the behavior of the 
macroscopic interface. The surface roughness affects the number of contacts and hence the 
real area of contact, which dictates the tribological behavior of an interface [8]. In order to 
study the interaction of a relatively small number of contacts we use a reciprocating 
microtribometer. This instrument can produce a microscale (lOOs - 1000s of square microns) 
contact to examine the effect of surface roughness of the interface on its tribological 
properties. We also evaluate the friction and adhesion behavior at a single asperity contact 
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using atomic force microscopy (AFM). The authors are currently not aware of any study on 
joint replacement materials which has been done to directly compare microscale multi-
asperity contact with the single-asperity nanoscale contact possible with an atomic force 
microscope. 
The tests with both the microtribometer and the AFM were carried out in bovine 
serum to simulate the physiological fluid environment in which these implant materials are 
used. It has been shown that when carried out in the presence of a fluid containing albumin 
the transfer of UHMWPE to the counterface is largely suppressed [9). The experiments were 
also carried out in a dry ambient environment for comparison of the friction and behavior of 
the interface wear. A better understanding of the onset of wear in UHMWPE will allow for 
better control of wear particle creation under typical conditions of biomedical implant use, 
and increase the useful life of those implants. 
4.3 Materials and methods 
4.3.1 Materials 
The experiments were carried out on 0.25 in thick UHMWPE bar stock obtained from 
K-Mac Plastics (Grand Rapids, Michigan). This stock was cut into 2 in. x 0.75 in. coupons 
and wet polished using a Buehler manual polishing machine. Two samples of different 
roughness, PEl and PE2, were created. Both samples were polished with Coated Abrasives 
Manufacturers' Institute (CAMI) grit 600 (14.5 µ,m particles) and grit 800 (12.2 µ,m 
particles). PE2 received an additional polish with CAMI grit 1200 (6.5 µ,m particles). After 
polishing, samples were washed with methanol for 20 minutes in an ultrasonic cleaner. The 
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surface of each sample was then observed through an optical microscope for the presence of 
any embedded particles from the polishing process; no such particles were seen. 
4.3.2 AFM Measurements 
Surface topography and single asperity friction force measurements were done using 
a Dimension TM 3100 AFM (Nanoscope IV, Veeco Instruments, Santa Barbara, CA) in 
controlled low (14 ± 4 % RH) humidity conditions. V-shaped triangular silicon nitride probes 
(from Veeco) with nominal force constant and tip radius as 0.58 Nim and 50 nm respectively 
were used. However, the spring constant of the cantilever used was calibrated using the 
technique described by Tortonese and Kirk [10] and found to be 0.31 Nim. The radius of the 
tip was characterized before and after the experiments using commercially available 
calibration samples (Tipcheck from Aurora Nanodevices and TGTOl from MikroMasch 
USA, Portland, OR). The tipcheck sample consists of a Ti thin film coated on a Si surface 
and TGTOl has sharp spiked silicon features. Both these samples exploit reverse imaging of 
the probe to provide a fast and simple way of assessing tip shape. The sharp sample features, 
when imaged using the AFM, result in height maps that contain information regarding the tip 
shape. Deconvolution of these images using blind reconstruction methods [ 11] results in a 
fairly accurate estimate of the tip shape and radius. Friction response of the probe on the 
sample was measured to be the difference between the lateral deflection values of the 
forward and reverse scans of a given scan line (i.e. friction loop of a scan line). This method 
is commonly used to eliminate contributions to lateral deflection signal from non-friction 
sources [8]. The lateral force calibration of the cantilever was performed using Ruan and 
Bhushan's method [12]. The adhesive (pull-off) forces (FPO) between the probe and 
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UHMWPE samples were measured from force-displacement curves. Normal forces were 
varied from 0 to 18 nN (FPO to 2 FPO) and the friction force was monitored. 
4.3.3 Microtribometer Measurements 
Multi-asperity friction measurements were taken with a ball-on-flat microtribometer 
under linear motion of the sample. This tribometer was built by our group based on the 
design ofBhushan et al. [13) , and a schematic of its major components is shown in Fig. 2. A 
spherical probe is placed at the end of a crossed I-beam structure as shown in Fig. 2. This 
structure is lowered using a linear stage to apply a desired normal load to the sample. The 
normal and frictional (lateral) forces are measured using semiconductor strain gages on the 
cantilevers. Frictional forces can be resolved to approximately ±5 µ,N and normal forces to 
approximately ± 15 µ,N. The signal from the normal load is monitored and used in a feedback 
loop to maintain the desired normal force regardless of any slope or waviness in the surface 
of the sample. The samples are affixed to another stage set perpendicular to the beam, 
providing the linear motion. For this study a Si3N4 probe with a 1.2 mm radius was used. 
Both ramped load tests and constant load test were conducted. In the ramped load friction 
tests the load was increased from 0.2 to 200 mN as the probe was moved across a distance of 
30 mm at 0.6 mm/son the surface of the UHMWPE. A 500 cycle reciprocating wear test was 
also performed with a constant load of 50 mN, stroke length of 30 mm, and a sliding speed of 
2.4 mm/s. The sliding speed chosen is less than that commonly used in joint simulators ( ~ 20 
mm/s) [14). However, it has been shown that sliding speed has only a small effect on wear 
relative to other factors [5] . The chosen stroke length is comparable to those used in joint 
simulators [14] . Both ramped and constant load tests were carried out in a dry ambient 
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environment ( 14 ± 4 % RH) and in an environment of diluted bovine serum solution ( 40 
vol.% bovine serum+ 60 vol.% deionized water, serum purchased from Invitrogen Corp., 
Carlsbad, CA). This concentration of serum solution is commonly used in in-vitro studies of 
joint materials. [6, 15] 
4.4 Results 
4.4.1 Surface Topography 
AFM scans (20 µm x 20 µm) of the prepared UHMWPE surfaces and the 
microtribometer probe surface are shown in Figure 1. The measured roughness parameters 
are given in Table 1. In addition to the common amplitude parameters average roughness 
(Ra), root-mean-square (RMS), and maximum peak-to-valley (PTV) distance, values of 
height distribution shape parameters skewness and kurtosis are given in Table 1 as well. 
Skewness represents the degree of symmetry of the height distribution about the mean, 
whereas kurtosis represents the peakedness of the height distribution. Mathematically, 
skewness and kurtosis are obtained as the third and fourth moments of the height distribution 
function normalized by the standard deviation of the distribution [ 16]. A Gaussian 
distribution has a skewness of zero and kurtosis of three. Both the UHMWPE surfaces can be 
considered to be Gaussian. The SbN4 probe surface is very smooth compared to either of the 
UHMWPE samples, but shows a slightly high kurtosis suggesting the presence of asperities 
and valleys far removed from the mean. 
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4.4.1 Ramped load testing 
The results for the ramped load tests are shown in Figures 3 & 4, with the plotted data 
for each material/environment pair composed of four separate tests . The results for the tests 
conducted in air, seen in Figure 3, clearly show a difference in friction between the two 
roughness levels, with the rougher sample (PEI) exhibiting lower friction. For the tests run in 
bovine serum, there seems to be more variability in the data as shown in Fig. 3, but it can be 
seen that the difference in friction between the two largely disappears. Why this is occurring 
can be seen more clearly in Figure 4, which compares the friction behavior of each sample in 
air and serum. It can be seen that the friction of sample PEI increases when placed in serum, 
especially in the later half of the test, while the friction of PE2 remains constant between the 
air and serum environments. 
Figure 5 shows a plot of friction vs. normal load for the samples obtained using AFM. 
This data was taken after the samples were exposed to serum for approximately 12 hours 
during the tribometer measurements. Though PE2 shows a higher friction response initially 
within the adhesive regime, the friction response at loads greater than 6 nN are comparable. 
The data suggests that the roughness of the surfaces had no significant effect on the friction 
measurements at the single asperity level. The adhesive forces measured on the two samples 
were also comparable (about 8.8 nN). 
Also shown in Fig. 5 are the results from friction measurements performed on a 
UHMWPE sample with roughness levels comparable to PE2 which had not been exposed to 
serum. The friction forces on this sample were considerably lower compared to the friction 
level exhibited by the samples after being soaked in serum. This suggests an increase in the 
interfacial shear strength of the Si3N4-UHMWPE interface due to the presence of serum. 
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4.4.2 Constant load testing (wear) 
The friction force measurements from the constant load tests showed similar trends to 
those in the ramped load tests. Figure 6(Air) shows a large difference in friction between the 
samples, with PEl having lower friction than PE2. The difference is seen to be much smaller 
in serum (Fig. 6,Serum), with the friction of PE 1 actually being slightly higher than PE2. 
Figure 7(PE1) shows the reason for this; the friction of PEl increases greatly from air to 
serum. At the same time there is very little change in friction between air and serum for PE2, 
as shown in Figure 7(PE2). Additionally, in contrast to PE2 in air and serum, and PEl in air, 
PE 1 in serum did not show a rapid decrease in the first few cycles of the test. In fact figure 
7(PE1) seems to show that the friction started at a level comparable to that found in air and 
quickly rose over the first 5-10 cycles. After this it slightly decreased for the remainder of the 
test. 
4.5 Discussion 
A key issue in understanding what is occurring at this material interface is whether 
the surfaces are undergoing elastic or plastic deformation. The surface of the silicon nitride 
ball (RMS= 4.3) is harder but much smoother than either of the PE samples. This means that 
abrasion should be negligible and that friction and wear should be primarily due to the 
adhesive component. One means of estimating elastic or plastic contact is through the 
plasticity index. The plasticity index, 1/;*, as described by Onions and Archard [17] , is given 
by 
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(1) 
where the composite elastic modulus, E* = [(1- v12 / E 1 )+ (1- v; / E2 )]-1 , the composite RMS 
surface roughness, a P = ~ a 12 +a; , and the composite asperity peak curvature, 
p = [~ p 1- 2 + p ; 2 j1 of the contacting surfaces.His the hardness of the softer material (in this 
case UHMWPE). For 1/;* > 1, plastic flow will occur even at trivial loads, while deformation 
is largely elastic if 1/;* < 0.6. We used HuttMWPE = 50 MPa [18] , Esi3N4 was supplied by the 
manufacturer (Hoover Precision Products, Cumming, GA) to be 307 GPa, and EuttMWPE was 
taken as 1.5 GPa from nano-indentation tests performed by Ho, et. al. [18]; ap, and p were 
evaluated from 20 µ.m scan AFM topography images. The value of 1/;* calculated for PEl 
was found to be 3.2, and for PE2 it was found to be 2.0. This would imply that the contact 
will be plastic. If there is gross plastic deformation occurring in the UHMWPE substrate, 
there should be some evidence of this in the wear track in the form of a groove or pileup. 
AFM scans were taken at the ends and edges of each track and there was no evidence of 
pileup of material as would be seen if ploughing were occurring. 
Although there was no evidence of pileup, there was a definite change seen in surface 
roughness in the wear tracks for all constant load tests. Table 2 shows the roughness changes 
measured for PEl and PE2 respectively. There is a significant decrease in surface roughness 
measured in the wear track from the constant load tests when compared to the surface outside 
those tracks. This suggests that any plastic deformation occurs at the asperity level. The 
skewness and kurtosis values show that the smoothened surfaces remain Gaussian. Figure 8 
shows an AFM topography scan and an averaged cross section of the edge of a typical track. 
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Although there seems to be a difference in average height of the asperities, no groove or 
pileup is seen. It should be noted that there was also a slight decrease in surface roughness 
due to the time(~ 12 hours) the samples spend submerged in serum for testing. Because of 
this, the roughness of the track created from testing in air will be compared to the surface 
roughness measured before exposure to serum, and the roughness of the track created from 
testing in serum was compared to the surface after exposure to serum. For PEI the change in 
surface roughness (Ra) in air was 51 nm, and in serum was 30 nm. For PE2 the change in air 
was 24 nm and in serum was only 1.1 nm. It is obvious that there is a lubrication effect from 
the serum which is reducing the amount of asperity deformation in the UHMWPE when 
compared to air, and that this effect decreases as surface roughness decreases. 
Another effect of carrying out the tests in serum was a drastic reduction of material 
transferred onto the ball of the tribometer. A reduction of transferred material in serum 
versus a saline solution has been previously reported [9]. As can be seen in Fig. 9, the 
transfer layer on the ShN4 balls used in air covers an area approximately 100 µm wide. This 
is the same width as the observed wear tracks. However, in the balls used in serum the 
transfer layer is almost entirely absent. The observed change in surface roughness could be 
due to removal of the tips of the asperities or from deformation which flattens the asperities 
without material removal. If flattening of the asperities were occurring during the 
microtribometer testing, it would also be expected to occur during the AFM tests, where 
contact pressures are comparable. Since the surface was imaged before and after the AFM 
friction measurements were taken, and no wear track was seen, it is unlikely that this type of 
deformation of the asperities is taking place. It has also been shown that with repetitive 
contact a residual plastic strain from each cycle can accumulate in the asperities until a 
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critical strain is reached and failure occurs [15). Hence we believe that loss of material (wear) 
at the asperity level occurs. This would also account for the transferred layer of material 
which was observed. 
The width of the wear tracks was estimated from optical images; PEI in air (1 IO µm), 
PE2 in air (95 µm), PEI & PE2 in serum (IOO µm). Since the length of the tracks (30 mm) is 
the same, we can use the change in average roughness to get a rough estimate of the ratio of 
material loss. This assumes that the wear is confined to the asperities and that no groove or 
pileup at the edge of the track are observed, which was shown to be the case (Fig. 8). 
Following this procedure and normalizing the results to the largest case of wear (PEI in air, 
which is assumed to be IOO%) it is calculated that PEI in serum had 53%, PE2 in air had 
40%, and PE2 in serum had only 2% of the wear of PEI in air. The decrease in wear due to 
the serum environment is consistent with previous works [I 9). However, the great difference 
in the lubricating effect of the serum for different surface roughness was unexpected and has 
not been previously reported in the literature. There is a relationship between counterface 
roughness and wear factor in UHMWPE which was reported by Fisher [ 5). He concluded 
that the effect of surface roughness on wear followed a power law dependence and therefore 
the influence of counterface roughness on wear decreased as the roughness decreased. Our 
study suggests the presence of an analogous relationship with the roughness of the 
UHMWPE itself. 
While the friction behavior of the smoother sample (PE2) remained relatively 
unchanged from air to serum, the friction of the rougher sample (PEI) actually increased. 
The study suggests the presence of competition between real area of contact and lubricity of 
the serum in dictating the friction behavior ofUHMWPE in serum. While a lower roughness 
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might be preferred to minimize onset of wear due to deformation of asperities, it can result in 
high friction due to large real area of contact as evidenced from the friction behavior of PE 1 
and PE2 in air (Fig. 3). Our study shows that in the presence of serum, a lower roughness of 
UHMWPE shows comparable friction to that of a surface with much higher roughness. It can 
be expected though that there exists an optimal range of roughness for which the lubrication 
effect of the serum overrides the effect of real area of contact. 
Since no surface damage was seen during testing, the predominant mechanism during 
the microtribometer and AFM friction experiments is assumed to be adhesive. The adhesive 
friction is given by: 
where 1 is the interfacial shear strength, and Ar is the real area of contact. For the AFM 
experiments, Ar is dictated by the tip radius. We verified that there was no change in the tip 
size between the experiments on the samples by monitoring tip shape and radius. Hence A r 
can be considered the same for all the AFM friction experiments. The interfacial shear 
strength of the material pair (silicon nitride on UHMWPE) was calculated from the data in 
Fig. 5 by fitting a Johnson-Kendall-Roberts (JKR) model [20] to the plot. The elastic 
modulus and Poisson's ratio values used for UHMWPE (1.5 GPa and 0.45) and the value of 
Poisson's ratio for ShN4 (0.3) were taken from literature [21]. The pull-off force for the 
calculations was measured from actual force-displacement curves on the AFM. The shear 
strength values calculated for PEI (10.3 MPa) and PE2 (9.5 MPa) that were exposed to 
serum were fairly comparable. The interfacial shear strength for the UHMWPE surface was 
calculated to be 3.6 MPa. Thus, the AFM data showed that the interfacial shear strength 
between ShN4 and UHMWPE was significantly lower when the UHMWPE had not been 
(2) 
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exposed to serum. The shear strength values obtained for the UHMWPE sample unexposed 
to serum correlates well with the values obtained by Park et.al in their paper [22). The value 
for the UHMWPE exposed to serum has not been previously reported. 
However, the observed increase in shear stress in UHMWPE exposed to bovine 
serum is supported by other recent work. Heuberger reported that unfolded proteins adsorb 
onto hydrophobic polymer surfaces to form a compact layer which increases friction [23). 
The study examined only a single roughness (Ra= 1.5 µm) . It also noted that unfolding of the 
proteins was caused by elevated temperature. The temperature at the material interface was 
not monitored in our experiment; however, both samples exhibited similar friction in the 
serum, which would be expected ifthe contact was mainly between the Si3N4 ball and a layer 
of adsorbed proteins. So the friction results may be explained by the difference between each 
sample' s friction in air versus a common friction value in serum. 
4.6 Conclusions 
The effect ofUHMWPE surface roughness on the friction and initial wear behavior 
of a Si3N4-UHMWPE interface was investigated in air and diluted serum environments. The 
rougher sample exhibited lower friction than the smoother sample in air due to lower real 
area of contact. However, both samples showed comparable friction behavior in serum 
solution. This was due to the fact that the friction of the rougher sample increased in serum 
while that of the smoother sample remained comparable to its behavior in air. AFM friction 
experiments showed that the interfacial shear strength of the Si3N4-UHMWPE interface 
increased due to exposure of the UHMWPE to serum solution. This is believed to be due to 
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the adsorption of proteins onto the surface of the polymer which also causes the two 
UHMWPE surfaces to exhibit similar friction behavior. A decrease in wear due to the serum 
environment was observed, which agrees with previous reported works. However, the great 
difference in the lubricating effect of the serum for different surface roughness was 
unexpected and is reported for the first time here. A non-linear relationship between wear 
factor and surface roughness of the UHMWPE itself was proposed which would reduce the 
importance of roughness on wear as the surface becomes smoother. The study shows that 
using a microtribometer and AFM to study the friction and wear behavior of an interface can 
yield definite information on contributions to the tribological behavior from real area of 
contact and interfacial shear stress. 
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Table 1 Roughness parameters for Si3N4 ball and UHMWPE measured using AFM at 
20 µm scan size. Mean and ± 1 <J values from six measurements are given. 
Si3N4 PEI PE2 
Ra (nm) 3.3 ± 0.5 130.0± 19.9 62.5 ± 4.0 
RMS (nm) 4.3 ± 0.5 159.7 ± 22.6 79.7 ± 5.6 
PTV (nm) 100 ± 13.7 1101 ± 307 740 ± 204 
Skewness -0.01±0.31 0.01±0.23 -0.11±0.35 
Kurtosis 8.10±1.60 2.78 ± 0.36 3.62 ± 0.61 
Table 2 Roughness parameters for UHMWPE sample PEI measured using AFM at 20 
µm scan size. Values listed under "Surface - Before" were measured before sample was 
placed in serum. All other values were measured after. Mean and ±la values from six 
measurements are given. 
PEl Surface Track 
Before After Air Serum 
Ra(nm) 130.0 ± 19.9 110.3 ± 11.9 79.1 ± 14.0 79.4 ± 10.9 
RMS (nm) 159.7 ± 22.6 140.3 ± 14.9 99.8 ± 18.8 103.4 ± 14.1 
PTV (nm) 1101±307 1016 ± 96 769 ± 188 816 ± 139 
Skewness 0.01±0.23 -0.28 ± 0.25 -0.18 ± 0.35 -0.73 ± 0.23 
Kurtosis 2.78 ± 0.36 3.43 ± 0.40 3.30 ± 0.40 4.26 ± 0.28 
Table 3 Roughness parameters for UHMWPE sample PE2 measured using AFM at 20 
µm scan size. Values listed under "Surface - Before" were measured before sample was 
placed in serum. All other values were measured after. Mean and ±la values from six 
measurements are given. 
PE2 Surface Track 
Before After Air Serum 
Ra(nm) 62.5 ± 4.0 55.0 ± 8.9 39.0 ± 8.3 53.9 ± 9.5 
RMS (nm) 79.7 ± 5.6 69.9 ± 11.5 50.3 ± 10.4 68.4 ± 11.8 
PTV (nm) 740 ± 204 612 ± 143 455 ± 101 487 ± 96 
Skewness -0.11±0.35 -0.10 ± 0.26 -0.68 ± 0.11 -0.20 ± 0.27 
Kurtosis 3.62 ± 0.61 3.48 ± 0.30 4.43 ± 0.45 3.20 ± 0.39 
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4.9 Figure Captions 
Fig. 1 Topography images ofUHMWPE samples (a) PEI, (b) PE2, and (c) ShN4 ball taken 
with an AFM at a scan size of 20 µm. The z-axis scale is 500 nm/div. 
Fig. 2 Schematic of custom built microtribometer setup. The probe used in this study was a 
Si3N4 sphere (r = 1.2mm, RMS = 4.3 nm). 
Fig. 3 Friction force as a function of normal load between a Si3N4 ball and the two 
UHMWPE samples (PEI and PE2) taken with microtribometer. Data from four 
individual tests are shown. The upper graph shows data taken in low relative humidity 
air environment. The lower graph shows data taken in an environment of diluted 
bovine serum. 
Fig. 4 Friction force as a function of normal load between a Si3N4 ball and the UHMWPE 
samples taken with microtribometer, Data from four individual tests are shown. 
Differences due to a low relative humidity air environment versus a diluted serum 
environment are shown for each sample. The upper graph shows data for PE 1; the 
lower graph shows data taken for PE2. 
Fig. 5 Friction force as a function of normal load between a Si3N4 tip and three UHMWPE 
samples taken with an AFM. PEl and PE2 were exposed to serum prior to AFM tests, 
whereas PE3 was not. 
Fig. 6 Friction force under a normal load of 50 mN as a function of number of cycles 
between a Si3N4 ball and PEl and PE2. The upper graph compares PEl and PE2 in a 
dry ambient environment, the lower in a diluted serum environment. 
Fig. 7 Friction force under a normal load of 50 mN as a function of number of cycles 
between a Si3N4 ball and PEl and PE2. The upper graph compares the friction in a 
dry ambient environment versus a diluted serum environment of PE 1. The lower 
graph shows friction of PE2. 
Fig. 8 Topography image and average cross section for the edge of a typical constant load 
wear track. The track is shown on the left hand side with arrows showing the edge. 
Fig. 9 Optical micro graphs of material transferred to the Si3N4 ball during the constant load 
test. All four environment/roughness combinations are shown. 
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Fig. 7 
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CHAPTER 5. General conclusions 
The studies performed have compared the effects of different roughness levels in 
UHMWPE in both dry ambient and diluted bovine serum environments. In order to study 
single asperity nanoscale contact an Atomic Force Microscope (AFM) was used. It was also 
desired to study the effects associated with multi-asperity microscale contact. In order to do 
this a microtribometer was designed and constructed. 
It was found that in a dry ambient environment, UHMWPE exhibited higher friction 
at microscale contact with silicon nitride when the roughness level was reduced. This 
contrasted with the results of the single asperity contact which showed no dependence on 
roughness. The conclusion reached was that the increased friction seen was a result of an 
increased real area of contact. Additional studies confirmed this trend. This decrease in 
friction was accompanied by an increase in wear. 
The results from multi-asperity contact in a diluted bovine serum were quite different. 
The difference in friction due to differing roughness levels was seen to largely disappear. 
There was also a large increase in single asperity friction with the UHMWPE after exposure 
to the serum solution. These results were explained by the possibility of an adhered layer of 
protein on the surface of the UHMWPE. The wear behavior was generally seen to decrease in 
a serum solution when compared to air. The smoother sample exhibited lower wear which is 
explained by a non-linear dependence between the wear and roughness level of the 
UHMWPE. 
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The effects of counterface roughness on the wear of UHMWPE have been well 
documented in previous studies; however, it is believed that the effects of the roughness of 
the UHMWPE itself shown in this study are novel. Atomic Force Microscopy was used to 
characterize surface topography and interfacial shear stress of the UHMWPE through single 
asperity interactions. The microtribometer was used to observe friction and wear through 
microscale multi-asperity contact. This has proven to be a useful means of investigating the 
tribological characteristics of the Si3N4-UHMWPE material pair, and it is expected that this 
procedure could be extended to investigate other materials as well. 
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APPENDIX B. Code for post-processing of microtribometer cyclic test data 
The following code is Python (http://www.python.org/) release number 2.3.4 
"""Remove artifacts from cyclic data. Artifacts are from static friction at 
each change in direction . 
Data file ("data.txt") must be in the format 
"load voltage" "friction voltage" "load force" "friction force" 
where these four elements are seperated by tabs 
The data is first split into data points which contain either positive or 
negative values of friction and each set of data is processed separately. 
The module "Remove Artifacts ... " will calculate the mean and standard deviation 
of the next "x" data points . If the absolute value of the current data point is 
less than "mean + one standard deviation" it will be written to the new file . 
Otherwise it will be discarded. 
The module "Capture Peak Values" will find local maxima of the friction force 
and write that line to a new file . 
fl#. CHANGE LOG: 
fl#. ========== 
fl#. 04-11-30 ... added routine to split data into files containing positive/negative friction values 
fl#. combined "Remove Artifacts" module and "Capture Peaks" module 
fl#. 04-09-08 ... testing addition to remove artifacts before processing 
fl#. 04-09-06 ... added counter to provide user feedback 
import string 
t#f.t#f.N t1 ti fl fl fl IN/fl tJ fl tJ fl t1 t-! t-! t1 tJ i:/f.! f.! fl f.! fl fl fl fl# tJ tJ t1 flt-! tJ f.! t1 t1 flt-! f.! tJ II tJ tJ t1 t-! fl fl !1 tJ tJ II fl fl tJ II k'!I I! tJ f.! fl# ill? fl# II t1 fl II fl #fl!! 
# Definitions # 
!! ff!! fl II ff fl!!!! fl ti fl fl II fl ff!! !1 ###ff!!!! f;' II fl ff ff ti II if ff fl it fl it ti ff f;' ff !NI II fl II tiff ff /NJ fl!./ ff it 1V !J !!If II t1 !./ Nh' N f;' #!{ti fl flt! !1 ff ff !/tilt# 
def buildlist(myStr) : #create a list of four elements from myStr 
strlen = len(myStr) 
first_tab = myStr.find("\t") 
myNum = myStr.count("\t") 
normVolt = myStr[:first_tab] 
sec_tab = myStr.find("\t",first_tab+1 ,strlen) 
latVolt = myStr[first_tab+1 :sec_tab] 
thd_tab = myStr.find("\t", sec_tab+1,strlen) 
norm Force= myStr[sec_tab+1 :thd_tab] 
latForce = myStr[thd_tab+1 :] 
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mylist = [normVolt, latVolt, normForce, latForce] 
return mylist 
def sum(mylist): # calcu5ate the sum of a list 
x=O 
for i in mylist: 
x = x + i 
return x 
def sumlist(mylist): #calculate the sum of the fifth member in a list of of numbers in string format 
x=O 
for i in mylist: 
x = x + float(i[4]) 
return x 
def sqrlist(mylist): # calculate the squares of a list of numbers 
x = [pow(float(i[4]), 2) for i in mylist] 
return x 
def mean(mylist): # calcluate the mean of a list of numbers 
x = sumlist(mylist)/len(mylist) 
return x 
def stddev(mylist): #calculate the standard deviation of a list of numbers 
a = len(mylist) * sum(sqrlist(mylist)) 
b = (sumlist(mylist))**2 
x = ((a-b)/(len(mylist)*(len(mylist)-1 )))**0.5 
return x 
############Ii t1 t1 !! tJ Ii ####fl f;' tJ ti tJ ii######################## if if fl!! if f;' tJ fl !I!! ###!1############# 
# Split Data Into Pas & Neg Friction Values # 
tlUUtJtJ#fl!!#fltJ#tJtltl!!tJtJtJtJil#tJ###tJ##tJ#!itJ!!tJ!!fJtJtJtJfJ!iflfl!itJtl#tJtJtJtJtJif!!#if tltJ!!tJ!!tJ!itJ##fltJtJ#tJtJiltJ!!tJ## 
input= open("data.txt", "r") 
output_pos = open("data-pos.txt", "w") 
output_neg = open("data-neg.txt", "w") 
print "Separating data points containing positive and negative friction values." 
count= 0 
for line in input.readlines(): 
count = count + 1 
if count % 5000 == 0: 
print".", 
templst = buildlist(line) 
if float(templst[3]) > 0: · 
templst. insert(O ,str( count)) 
outStr = ",".join(templst) 
output_pos. write( outStr) 
elif float(templst[3]) < O: 
tern plst. insert(O ,str( count)) 
outStr = ",".join(templst) 
output_ neg. write( outStr) 
input.close() 
output_pos.close() 
output_ neg.close() 
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ii' fl N f.! !Ill!./######/! fl fl fl fl ti f.! fl#####fJ fl!! !i' f.! N#####fl fl !l ti #ti################ti Ii fl fl ti ti ti############# 
# Remove Artifacts from Static Friction # 
####ti!!!! fl f! I! !Ill !I!! t./ I! fl!./ fl ti!!#####/:' ti!! :'l ti Ii Ii!!!./ t./ ti N tJ tJ Ii li!I Ii!! Ii Ii!!###########!!!! I!!! f.! f.! #!! t./ ti fl######### 
input_pos = open("data-pos.txt" , "r") 
input_neg = open("data-neg.txt", "r") 
output_pos = open("temp_data-pos.txt", "w") 
output_neg = open("temp_data-neg.txt", "w") 
i = 225 #choose # of pts to look ahead 
myArr1 = D #create and .. . 
for x in range(i) : # initialize empty list 
myArr1 .append(['O', 'O', 'O', 'O', 'O']) 
print "\n" 
print "Removing artifacts" 
test_pt = 0 
one_sigma = 0 
count= 0 
for line in input_pos.readlines() : #iterate over each line in file 
count= count+ 1 
if count % 5000 == 0: 
print".", 
for j in range(1 ,i): #build list of last i-1 lines in file 
myArr1 [i-j] = myArr1 [i-j-1] 
myArr1 [OJ = line.split(",") #add current line to front of list 
test_pt = float(myArr1 [i-1 ][4]) 
one_sigma = mean(myArr1 )+stddev(myArr1) 
if count> i-1 : 
if test_pt < one_sigma: #if point is less than mean+ sigma write it to new file 
outStr = ",".join(myArr1 [i-1)) #create string of csv's out of list elements 
output_pos. write( outStr) 
for x in range(len(myArr1 )): # initialize list 
myArr1[x] = ['O','O','O','O','O'] 
test_pt = 0 
one_sigma = 0 
count= 0 
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for line in input_neg.readlines(): #iterate over each line in file 
count = count + 1 
if count% 5000 == 0: 
print".", 
for j in range(1,i): #build list of last i-1 lines in file 
myArr1 [i-j] = myArr1 [i-j-1] 
myArr1 [OJ = line.split(",") #add current line to front of list 
test_pt = float(myArr1 [i-1][4]) 
one_sigma = mean(myArr1 )-stddev(myArr1) 
if count> i-1: 
if test_pt > one_sigma: #if point is greater than mean - sigma write it to new file 
outStr = ",".join(myArr1 [i-1]) #create string of csv's out of list elements 
output_ neg.write( outStr) 
input_pos.close() 
input_ neg.close() 
output_pos.close() 
output_ neg.close() 
!! II fl II!! !i fl ##################ti# tJ !i ff !I !I !i#######fJ ti f1ti!Jti11#####1! fl ti I! fl till !I ti############## 
# Capture Peak Values # 
tJ fl !J !I fl !J !/###################!//!{!!I ti fJ############!J I! !i fl fJ fl tJ############################ 
input_pos = open("temp_data-pos.txt", "r") 
input_neg = open("temp_data-neg.txt", "r") 
output_pos = open("final_data-pos.txt", "w") 
output_neg = open("final_data-neg.txt", "w") 
i = 50 #choose # of data pts to compare before and after data pt of interest 
myArr2 = D #create and ... 
for x in range(2*i+1 ): #initialize empty list 
myArr2 .append (["O", "O", "O", "O", "O"]) 
print "\n" 
print "Calculating local peaks" 
count= 0 
for line in input_pos.readlines(): #iterate over each line in file 
count = count + 1 
largest 
if count % 5000 == 0: #feedback on progress for end user 
print".", 
for j in range(1,2*i+1 ): #build list of last (2*i)th lines in file 
myArr2[2*i+1-j] = myArr2[2*i-j] 
myArr2[0] = line.split(",") #add current line to front of list 
if float(myArr2[i][4]) == max([float(s[4]) for s in myArr2]): #check if ith lateral load reading is 
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outStrPos = ",".join(myArr2[i]) #create string of csv's out of list 
output_pos.write( outStrPos) 
for x in range{len(myArr2)): # initialize list 
myArr2[x] = ["O","O","O","O","O"] 
count= 0 
for line in input_neg.readlines(): #iterate over each line in file 
count = count + 1 
if count % 5000 == 0: #feedback on progress for end user 
print".", 
for j in range(1,2*i+1 ): #build list of last (2*i)th lines in file 
myArr2[2*i+1-j] = myArr2[2*i-j] 
myArr2[0] = line.split(",") #add current line to front of list 
if float(myArr2[i][4]) == min([float(s[4]) for s in myArr2]): #check if ith lateral load reading is 
smallest 
myArr2[i][4] = str{abs(float(myArr2[i][4])))+"\n" #make friction measurement positive 
outStrNeg = ",".join(myArr2[i]) #create string of csv's out of list 
output_neg.write(outStrNeg) 
input_pos .close() 
input_ neg .close() 
output_pos.close() 
output_ neg.close() 
print "\n" + "finished" + "\n" 
83 
ACKNOWLEDGMENTS 
I would like to extend my sincere thanks to Dr. Sriram Sundararajan for all his guidance 
during my graduate studies, and to the other members of my program of study committee, 
Dr. Pranav Shrotriya and Dr. Michael Conzemius for their time and effort in reviewing my 
work. 
I would also like to thank my friends and colleagues in the Nanoscale Tribology and 
Mechanics Lab for the many discussions, ideas, and suggestions which were exchanged. 
And finally I would especially like to thank my family for their unwavering love and support. 
